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Abstract: CuS-C50, the cathode materials for magnesium ion batteries, was synthesized by adding the surfactant cetyltrimethyl
ammonium bromide (CTAB) and adjusting the percentage of ethylene glycol to 50vol% in hydrothermal synthesis process. Results
show that CuS-C50 has the complete nanoflower structure. In aluminum chloride-pentamethylcydopentodiene/tetrahydrofuran (APC/
THF) electrolyte, the CuS-C50 exhibits a high specific capacity of 331.19 mAh/g when the current density is 50 mA/g and still keeps
a specific capacity of 136.92 mAh/g over 50 cycles when the current density is 200 mA/g. Results of morphology characterizations
indicate that the complete nanoflower structure can provide more active sites and reduce the barriers for Mg** movement, eventually
improving the charge and discharge performance of the CuS cathode materials for magnesium ion batteries.
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1 Introduction

Under the stimulation of the large demand for electric
vehicles, wearable devices and large-scale energy storage, the
advanced energy storage batteries have been greatly
developed. Metal ion battery is a new type of energy, which is
safe, efficient and environmentally friendly, and has great

development advantages’ .

Among several metal ion
batteries, magnesium ion batteries have greater development
potential than other metal ion batteries, such as lithium ion
batteries, iron ion batteries and sodium ion batteries” .
Magnesium ion Dbatteries can provide more electrons
theoretically, and have a larger theoretical specific capacity.
Magnesium metal as cathode of batteries is easy to deposit
and dissolve, and magnesium cathode is difficult to form
dendrites in charge and discharge process"' ™. In addition,
compared with increasingly scarce lithium metal, magnesium
metal is more abundant in the earth, which can effectively
reduce the production cost of batteries'
batteries have high safety performance and long service life,

. Magnesium ion
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which are considered as the most likely leader of next-
generation batteries systems'” ' Unfortunately, although
magnesium ion batteries have many advantages, there are still

some problems that need to be solved"’.

For example,
magnesium ion (Mg>") leads to an extremely strong polariza-
tion, which slows down diffusion of Mg into the cathode
material™'”, and there are few active sites for Mg”" to embed
in®?". Therefore, the development and application of magne-
sium ion batteries are restricted.

Cathode materials for magnesium ion batteries mainly
include intercalation type material and conversion type
26 The conversion type cathode materials can
absorb and release electrical energy by chemical reaction with

Mg*, which usually have higher theoretical specific capacity,

material®

energy and electrochemical reaction platform with smaller

polarization™ ",  Whereas, their actual electrochemical
performance is often restricted by other components, such as
the electrolyte and diaphragm, as well as the slow transfer of
Mg™ in the material and poor interface stability” *. Now,

many cathode materials have been used for magnesium ion
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batteries, such as MnO,*, V,0,f% and TiO,”¥, which are
oxides of transition metal; TiSe,"” and CuSe"”, which are
selenides of transition metal; TiS,***, Ti,S,*”, VS, and
CuS™ 1, which are sulfides of transition metal. Among these
materials, copper sulfide (CuS) exhibits good cycles stability,
high specific capacity of 560 mAh/g and high conductivity of
103 S/cm, which is known as an ideal cathode material for
magnesium ion batteries. The CuS materials with various
structures, such as one-dimensional rods and tubes, two-
dimensional sheets and three-dimensional flowers and balls,
exhibit good electrochemical properties. Wu et al*” found that
the synthesized CuS nanoparticles exhibit high reversible
capacity of 175 mAh/g at a current density of 50 mAh/g with
the non-nucleophilic electrolyte (HMDS AICI, =, 0<x<4).
Shen et al® successfully prepared hollow CuS nanocubes
whose reversible specific capacity can reach 200 mAh/g at a
current density of 100 mA/g, exhibiting high performance in
magnesium ion batteries. In addition, Du et al*’ also
synthesized mesoporous CuS nanotube with discharge
capacity of 281.2 mAh/g at a current density of 20 mA/g. It is
worth noting that among these CuS nanostructures, the three-
dimensional CuS nanostructure can combine the coupling and
synergistic effects and has better charge and discharge
performance of magnesium ion batteries because of the large
specific surface area which can provide larger active sites for
electrochemical reaction™*"*'". Moreover, it is reported that
the nanostructure of CuS can be effectively enhanced through
changing synthesis time, temperature and surfactant.
Particularly, the variety of surfactant has significant influence
on materials structure. Hence, it is of great significance to
design cathode material for magnesium ion batteries with
three-dimensional CuS by adjusting the variety of surfactant.
In this study, one special structure CuS, named as CuS-C50,
was synthesized by adding the surfactant cetyltrimethyl
ammonium bromide (CTAB) and adjusting the percentage of
ethylene glycol to 50vol% in hydrothermal synthesis process.
The microstructure and composition of CuS-C50 were
analyzed before the electrochemical performance testing. And
the charge and discharge performance was tested by LAND
testing system to explore the cathode materials with high
electrochemical performance for magnesium ion batteries.

2 Experiment

In this study, hydrothermal method was used to synthesize
the CuS. All chemicals were purchased from Sinopharm
Chemical Reagent Co., Ltd and no further purification was
required. A certain amount of deionized water and ethylene
glycol were dissolved to obtain mixed solution of 80 mL, and
the proportion of ethylene glycol was kept at 50vol% in mixed
solution. Then, Cu(NO;),-3H,0 (4.0 mmol) and CH,N,S (8.0
mmol) were dissolved in the solution. Next, CTAB surfactant
of 0.4 g was added, and stirred for 30 min. Finally, the mixed
solution was poured into the reaction vessel, and the reaction
temperature was kept at 100 °C for 20 h. The synthesized CuS
was named CuS-C50. Ethylene glycol of 50vol% in the
solvent was no longer used, the surfactant was changed to

polyvinyl pyrrolidone (PVP), and the rest of the steps were
unchanged. In this case the synthesized CuS was named as
CuS-P50. Moreover, without ethylene glycol of 50vol% in the
solvent, no surfactant was added, and the rest of the steps
were unchanged. This synthesized CuS was named as CuS-50.
All synthesized CuS materials were washed more than 3 times
with deionized water and ethylene glycol, and dried in a
vacuum drying oven for 12 h. The temperature was kept at
60 °C.

The crystal structure of CuS was characterized by X-ray
diffractometer (XRD, Rigaku D/MAX-2500X) with Cu Ka
ray, and the range was 20°-80°. An X-ray photoelectron spec-
troscope (XPS, ESCALAB 250Xi, Thermo Scientific, USA)
was used to analyze the chemical structure of CuS. The sur-
face structure and morphology composition of the CuS were
observed by scanning electron microscope (SEM, JSM-7800F,
JEOL, Japan) and transmission electron microscope (TEM,
Talos F200S, ThermoFisher Scientific, Netherlands). The
glove box (Mbraun, Unilab, Germany, H,0 and 0,<0.1x10™*
vol% ) was used to disassemble cells for testing different
charge and discharge states.

Before measuring the charge and discharge performance of
CuS, CuS of 80%, super carbon of 10% and polyvinylidene
fluoride binder of 10% were ground in quartz mortar for 20
min, and then an appropriate amount of N-methylpyrro-lidone
(NMP) was added and stirred for 3 h. Eventually, positive
electrode slurry was obtained. The prepared slurry was evenly
distributed over the copper foil, and kept in a blast drying
oven at 80 °C. After 12 h, take out copper foil and cut into the
disc of 12 mm"". The electrochemical performance of
prepared positive electrode was tested with magnesium metals
as counter electrode and reference electrode, glass fiber as
separator and aluminum chloride-pentamethylcyclopentadiene/
tetrahydrofuran (APC/THF) as electrolyte. It was worth
noting that the assembling process of button battery must be
conducted in glove box under an argon atmosphere. The cycle
ability and rate capability of the magnesium ion batteries were
tested by the LAND testing system, and the testing voltage
range was from 0.01 V to 2.00 V. The electrochemical
workstation (Brilliance, Shanghai) was used for cyclic
voltammetry (CV) test, and the scanning speeds included 0.2,
0.4, 0.6, 0.8, and 1.0 mV/s with the voltage range from 0.01 V
to 2.00 V. To identify the corrosion resistance, electrochemical
impedance spectroscopy (EIS) was conducted by the electro-
chemical workstation (Princeton PARSTAT 4000A, USA),
and the testing frequency was from 10° Hz to 10* Hz. EIS
tests were conducted at least 3 times to reduce the

experimental errors””.

3 Results and Discussion

The crystal structure and crystallinity of CuS-C50 were
characterized by XRD, as shown in Fig.la. It can be seen that
characteristic peaks of CuS-C50 are matched well with the
standard card (JCPDS No. 06-0464) and no diffraction peak
appears, indicating that the synthesized CuS-C50 has very
high purity. The element valence states and composition of
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Fig.1 XRD patterns of CuS-C50 (a); XPS spectra of Cu 2p (b) and S 2p (c)

CuS-C50 are shown in Fig. 1b—1c. XPS results indicate that
there are two strong peaks of Cu 2p,, and Cu 2p,, which are
presented at 932.1 and 952.1 eV, respectively. It can be
speculated that it is related to the Cu®" in CuS™.In addition,
the high-resolution S 2p XPS spectra present two spin-orbit
splitting double peaks for S 2p,, and S 2p,, which are
concentrated at 161.5 and 162.7 eV™*™, respectively. The
aforementioned results suggest that the CuS cathode materials
are successfully synthesized.

The morphology and structure information of CuS-C50
microsphere are obtained by field emission SEM (FESEM)
and high-resolution TEM (HRTEM), as shown in Fig.2. It can
be seen from Fig.2a and 2b that the synthesized CuS-C50 has
complete nanoflower shape which is filled with voids. TEM
image (Fig.2c) further shows the full view of the microsphere
structure and edge portion of the sheet-like structure of the
CuS-C50 material. Fig. 2d displays three crystallographic
planes (102), (107) and (203) of CuS-C50 in selected area
electron diffraction (SAED) pattern. HRTEM images (Fig.2e
and 2f) indicate a lattice stripe of 0.1902 nm corresponding to
the crystalline spacing of CuS along (107) and a lattice stripe
of 0.3049 nm corresponding to the crystalline spacing of CuS

(101)

(102)

10 1/nm

along (102), demonstrating that the CuS-C50 has a high
degree of crystallinity.

It is clear that the complete nanoflower structure of CuS-
C50 was successfully synthesized by adding the surfactant
CTAB and adjusting the proportion of anhydrous ethanol in
the solvent to 50vol% . In order to reveal the effect of the
CTAB in the process of synthesis, CuS-50 and CuS-P50 were
prepared. XRD patterns of CuS synthesized at three different
additive states are shown in Fig.3. Similarly, the diffraction
peaks of CuS-50 and CuS-P50 are in perfect agreement with
the standard peaks of hexagonal CuS. The CuS-50 and CuS-
P50 microspheres are obtained by FESEM (Fig.4). Compared
with the CuS-C50, both of CuS-50 and CuS-P50 do not have
obvious nanoflower shape, and they only have dense and
relatively smooth surface, which illustrates that the surfactant
CTAB is a crucial factor for the formation of nanoflower
shape of CuS-C50 materials.

The molecular structure of surfactant CTAB is shown in
Fig. 5a. During the hydrothermal reaction, the hydrophilic
group -(H,C)N" decomposed by CTAB in the solvent attaches
to the crystalline surface of CuS, so the hydrophobic film
layer formed on the crystalline surface hinders the growth

Fig.2 SEM images (a—b), TEM image (c), SAED pattern (d), and HRTEM images (e—f) of CuS-C50
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Fig.3 XRD patterns of CuS-50, CuS-P50 and CuS-C50

perpendicular to the surface and promotes the growth parallel
to the crystalline surface, thus forming the specific nanoflower
structure (Fig.5b)"”.

Fig. 6 shows CV curves, presenting charge and discharge
tests results of CuS-C50 as magnesium ion batteries cathode
in APC/THF electrolyte. The CV curves (Fig.6a) of CuS-C50
are measured in a voltage window from 0 V to 2.0 V, and the
scanning rate is 0.2 mV/s. It can be seen that there are two
oxidation peaks in the process of discharge, which are located
at 0.9 and 1.4 V. With the increase in number of cycles, the
oxidation peak gradually moves to the position of higher
potential, and the peak current also gradually increases.
Whereas, during the process of charge, the reduction peak
moves to the lower potential with the increase in number of

Fig.4 Structure and morphology characterizations: (a) CuS-50, (b) CuS-P50, and (c) CuS-C50

cycles. The changes of oxidation peaks and reduction peaks
illustrate that as the number of cycles increases, the polarity of
CuS-C50 decreases, whereas the discharge capacity of the
battery increases gradually. The charge and discharge curves
of the CuS-C50 with the current density of 50 mA/g are
shown in Fig. 6b and 6c. There are two obvious discharge
plateau areas, which are 1.0 and 1.5 V. The charge and
discharge voltage profiles have relatively low specific
capacity at the first several cycles, and the specific capacity
increases first and then decreases as the reaction progress.

Before 30 cycles, the specific capacity increases, up to about
331.19 mAbh/g. With the increase in number of cycles, the
curves of specific capacity have a decreasing trend. After 50
cycles, the final specific capacity is 168.89 mAh/g. It
indicates that the increase in active site of electrochemical
reaction can improve specific capacity. In the early cycles, the
nanoflower structure of CuS-C50 can provide many specific
surface areas to electrochemical reaction. However, a little
Mg”" cannot be removed after embedding in the cathode as the
discharge and charge process continues, eventually causing
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Fig.5 Structural formula of CTAB (a) and schematic diagram of

formation process of nanoflower CuS (b)

the decrease in free-moving Mg™ . Therefore, the specific
capacity decreases from 331.19 mAh/g to 168.89 mAh/g
(Fig.6c¢). In addition, some Mg** cannot be removed from the
positive electrode during the cycle, also resulting in a low
reversibility of the redox reaction of the battery. Eventually,
the specific charge capacity of the battery is much greater than
the specific discharge capacity. The electrochemical
impedance of CuS-C50 with difference cycles (0, 1 and 20
cycles) is measured by EIS (Fig.7). The diameter of capacitive
loops has a significant decreasing trend as the number of
cycles increases, which may be attributed to more active sites
for electrochemical reaction. SEM images of CuS-C50 after
cycles are shown in Fig.8. Large areas of nanoflower structure

can be observed on CuS-C50 in the early stage. When the
number of cycles is more than 50, the nanoflower structure is
collapsed completely, causing the decrease in the specific
capacity and the number of active sites. Meanwhile, Fig. 6f
shows the rate capability of CuS-C50 under 56, 112, 280, 560,
and 56 mA/g current densities. The specific capacity of CuS-
C50 is 278.6 mAbh/g after 20 cycles at initial 56 mA/g, and
when the current density gradually increases to 560 mA/g, the
specific capacities are about 235.7, 114.1 and 15.4 mAh/g at
current densities of 112, 280, 560 mA/g, respectively. When
the current density is recovered back to 56 mA/g after 50
cycles, the specific capacity is about 248.99 mAh/g, which
only decreases by 26.91 mAh/g from the initial specific
capacity at 56 mA/g, suggesting that CuS-C50 has good rate
capability. In addition, the Coulombic efficiency of CuS-C50
shows no significant decrease with the increase in the number
of cycles and remains above 95%. The charge and discharge
profiles at different current densities are shown in Fig. 6e.
With the increase in current density, the discharge platform
voltage of CuS-C50 decreases and the charge platform voltage
increases, causing the increase in polarization of the batterie
and the decrease in specific capacity (Fig. 6d). The cycling
performance of CuS-C50 cathode in APC/THF electrolyte is
tested at 200 mA/g (Fig.6d). It can be seen that the specific
capacity of CuS-C50 is maintained between 100 and 200
mAh/g. Even after 50 cycles, the specific capacity is still
maintained at 136.92 mAh/g, which corresponds to 77.8% of
the maximum capacity (175.88 mAh/g). The CuS-50 and CuS-
P50 were tested by charge and discharge tests at 50 mA/g
current density (Fig. 9). It can be seen that CuS-50 has a
terrible specific capacity, whose initial specific capacity is less
than 1 mAh/g and there is no significant increase trend. After
adding surfactant PVP, the CuS-P50 has no obvious
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Fig.7 EIS results of CuS-C50 with difference cycles

improvement of charge and discharge performance, whose
specific capacity remains at 2—3 mAh/g. The more complete
the nanoflower CuS material, the larger the specific surface
area, which can provide more active sites, and reduce the
barriers of Mg”" moving. Therefore, it can be inferred that
synthesized CuS-C50 has excellent charge and discharge

performance, which may be a great cathode material for
magnesium ion batteries.

To further expose the Mg*" storage behavior of CuS-C50
cathode, ex-situ XRD was conducted at different discharge
and charge states (Fig. 10a — 10b). The CuS-C50 electrode
presents obvious diffraction peaks of CuS. The characteristic
peaks of CusS start to diminish, whereas the peaks of MgS and
Cu,S start to appear during discharge to 1.0 V. It indicates
that part of CuS is converted to Cu,S and MgS. The
characteristic peaks of MgS and Cu,S are more obvious with
the voltage of 0.01 V, and CuS is further transformed into
MgS and Cu,S. During the process of charge, the
characteristic peaks of CuS reappear, whereas the peaks of
Cu,S and MgS disappear, which demonstrates that
electrochemical reaction to generate CuS is reversible.
Therefore, the electrochemical reaction in the process of
charge and discharge are as follows:

2CuS +Mg*"+2¢ <> Cu,S +MgS )

2Cu,S+Mg** +2e <> 2Cu+MgS 2)

Fig. 10c shows HRTEM image and the elemental distri-

2 um

2 pm

Fig.8 SEM images of CuS-C50 at different states: (a) before cycle; (b) after 20 cycles; (c) after 50 cycles
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bution of CuS-C50 in the fully discharged state. It can be
seen that CuS-C50 as a sphere has a flowerlike structure
with a diameter of about 2 pum on the surface. And the
elements Cu, Mg, S, Cl and O are distributed throughout the
spherical structure. Fig. 10d shows HRTEM images of CuS-
C50 in the fully discharged transient state. It can be seen that

there are (312) plane associated with Cu,S and (200) plane
associated with MgS. Therefore, there are still part of Cu,S
that cannot complete the reaction in Eq. (2) to produce
monomeric Cu even in the fully discharged state, causing the
Coulombic efficiency of CuS-C50 of the battery failing to
reach 100%.
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4 Conclusions

1) The CuS-C50 cathode material is synthesized by adding
the surfactant CTAB and adjusting the percentage of ethylene
glycol to 50vol% in the hydrothermal process.

2) The synthesized CuS-C50, as the cathode material for
magnesium ion batteries, has good charge and discharge
performance in APC/THF, which exhibits a high specific
capacity of 331.19 mAh/g at 50 mA/g current density. At 200
mA/g current density, it can also reach 175.88 mAh/g, and
still keeps specific capacity of 136.92 mAh/g after 50 cycles.

3) The complete nanoflower structure has larger specific
surface areas, which significantly improves the active sites for
electrochemical reaction and decreases barriers for Mg™
mobility in the charge and discharge process.
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PRI CuS 1EH S5 T 1 S IEARATR

!, & &7, sk, AU, Beom, wmEA?
(1. HPCRS MERE S TREY G XSG EME TR L, HK 400044)
(2. PR MUl 2) B 5 H A0, HEEK 400044)
(3. M T o = BRI TG, 2 B 247100)

W OE: KGR PO R M bk = R (CTABD, ™ £ I 58 S0vol%, & Bk T 86 5 T B ith IE AR AL
B CuS-C50, 45 KW: CuS-C50 BA S BEMYRACREE M, 78S AL ER-Z= VU BE DY /DU 00 (APC/THF) HRAEVRH, MM i
50 mA/g i, HEE R EEIA 331,19 mAh/g; LR EE N 200 mA/g I, FLECR EAE S0 IRTEIA G 3R 136.92 mAh/g. FESHRAL 45 5
R, SERIGKILIR G W P DR TE 2 VSR A, b M B BRns, 4R s B T Hi itk CuS IEARM BHI FE R L g
EHEIA: BALAH: PORAE; BEE T HIL: CTAB: /KA

EE RIS IC28, B, 19964F4:, Wibd:, BPOREM RS TR b E X85 SR LIS AR AL L, FPK 400044, E-mail:
1677573729@qq.com



